It is demonstrated that the differentially heated stack, the heart of all thermoacoustic devices, provides a source of streaming additional to those associated with Reynolds stresses in quasi-unidirectional gas flow. This source of streaming is related to temperature-induced asymmetry in the generation of vortices and turbulence near the stack ends. The asymmetry of the hydrodynamic effects in an otherwise geometrically symmetric stack is due to the temperature difference between stack ends. The proposed mechanism of streaming excitation in annular thermoacoustic devices operates even in the absence of thermo-viscous interaction of sound waves with resonator walls.
It is demonstrated that the differentially heated stack, the heart of all thermoacoustic devices, provides a source of streaming additional to those associated with Reynolds stresses in quasi-unidirectional gas flow. This source of streaming is related to temperature-induced asymmetry in the generation of vortices and turbulence near the stack ends. The asymmetry of the hydrodynamic effects in an otherwise geometrically symmetric stack is due to the temperature difference between stack ends. The proposed mechanism of streaming excitation in annular thermoacoustic devices operates even in the absence of thermo-viscous interaction of sound waves with resonator walls. 1 has clearly indicated a growth of interest in possible manifestations in thermoacoustic devices of such nonlinear phenomena as acoustic streaming. An important ͑and even dominant under some conditions͒ role of acoustic streaming in heat transport in annular thermoacoustic devices was discovered experimentally both in quasi-isothermal 2, 3 and quasi-adiabatic 4 regimes of interaction between acoustic and thermal waves inside the stack. These observations correlate with available theoretical analysis. 2, 5 An important point here is the existence in annular thermoacoustic devices of a closed-loop path for steady streaming, which carriers a nonzero mass flow through a cross section of a thermoacoustic resonator. Moreover, it was demonstrated 6 that suppression of streaming leads to a significant increase in the efficiency of the device performance. At the same time it was proposed 6 to use for the suppression of the time-averaged mass flux through a thermoacoustic device another hydrodynamic effect related to a possible asymmetry of so-called ''minor'' losses. Minor losses ͑resulting from changes in form of flow cross section͒ are traditionally attributed to possible excitation of vortices and turbulence. [7] [8] [9] [10] [11] Classical examples are the formation of a jet in the fluid motion through a sudden enlargement of tube cross section ͓in the phase of outflow, Fig. 1͑a͔͒ and the formation of vortices in the region of vena-contracta just after a sudden contraction in tube cross section ͓in the phase of inflow, Fig. 1͑b͔͒ . In both cases additional losses in flow energy ͑called ''minor,'' ''shock,'' ''local,'' or ''head'' losses͒ are physically associated with the formation of vortices and, perhaps, of turbulence with additional dissipation of energy in them. 7, 8 Importantly, these additional losses are accompanied by an additional stress difference across the transition region. If the total hydrodynamic stress difference provided by the regions of minor losses ͑along close loop of an annular thermoacoustic device͒ is nonzero, then it induces a streaming additional to a classical one 2, 5, 9 excited by Reynolds stresses in the straight parts of the resonator. Additional streaming may increase or decrease the efficiency of the thermoacoustic device depending on its magnitude and direction relative to classical streaming. To get a nonzero stress difference associated with the regions of minor loss in an oscillating gas flow there should be an asymmetry in the system. The asymmetry in minor losses may be achieved, for example, by geometrically asymmetric installations inside the resonator. 6 In the present short communication we describe one more possible mechanism of the mass flow excitation in thermoacoustic devices, which, to the best of our knowledge, has never been analyzed before. The physical nature of this new source of streaming ͑or, more generally, of hydrodynamic stresses͒ is related to minor losses. However, an asymmetry of minor losses is related not to a geometrical asymmetry of the installation but to a temperature gradient along otherwise geometrically symmetric installation. Each thermoacoustic device contains this source of stress difference because the thermoacoustic stack ͑Fig. 2͒ is exactly the installation with required properties. We demonstrate that stress differences a͒ Author to whom correspondence should be addressed. Electronic mail: vitali.goussev@univ-lemans.fr associated with minor losses at the cold and hot ends of thermoacoustic stack ͑or regenerator͒ are not mutually compensated on average over the oscillation period because they take place at different temperatures. We estimate that this additional source of streaming might provide a valuable contribution to the total mass flow in annular thermoacoustic prime movers.
From a physics point of view, an additional source of streaming ͑or an additional stress difference͒ in the region of sudden enlargement or contraction of tube cross section can be attributed to a loss of momentum flux in oscillatory fluid motion. The stress transferring momentum from oscillatory flow to dc flow ͑acoustic streaming͒, due to formation of vortices and nonlinear processes in them, can be found by combining the equations of mass, momentum, and energy conservation 7, 10, 11 for the control volume, which includes the region of cross-section enlargement ͑x 1 ϽxϽx 2 in Fig. 1͒ . The additional stress related to minor loss phenomenon is traditionally presented in terms of additional abrupt pressure variation ⌬p ml in the region of abrupt change in tube cross section, 10, 11 
Here the notation ''x 0 ϯ0'' indicates that the function has to be evaluated left/right of x 0 in its close proximity, m stands for the mean density, and v x (x) denotes the axial component of the flow velocity. Positive coefficients K out Ͼ0 and K in Ͼ0 of minor losses for the phase of outflow and inflow, respectively, describe a debit of energy in Bernouilli equation. 7, 10, 11 The coefficients K out and K in depend on the ratio of the tube cross sections (S 1 /S 2 ) before and after its sudden enlargement ͑Fig. 1͒ and on the Reynolds number if viscosity is taken into account.
We assume that, if the gas displacement amplitude in the acoustic field is much greater than the tube diameter, the flow at any instant has little memory of its past history, so that the acoustic behavior can be deduced from careful time averaging of high-Reynolds-number steady-flow phenomena predicted by Eqs. ͑1͒ and ͑2͒. 6, 12 Considering that each of Eqs. ͑1͒ and ͑2͒ holds during a half-period of a sinusoidal oscillation, an expression for the time-averaged linear density of stresses acting in the region of sudden variation in flow cross section is derived:
Here ͗¯͘ stands for time averaging over a period of acoustic oscillation and ͉ṽ x ͉ denotes the amplitude of harmonic ͑sinu-soidal͒ velocity oscillation. Additional stress due to minor losses ͓Eq. ͑3͔͒ can be directly incorporated in available theories of streaming in thermoacoustic devices containing closed loops for mass flow. 2, 5 In this case mass flow is proportional to the ratio of integral hydrodynamic stress over the closed loop and the total hydrodynamic resistance of the resonator. 5 Pressure jumps in Eq. ͑3͒ ͑related to minor losses͒ contribute to the stress across thermoacoustic stack ͓Fig. 2͑a͔͒ even if the stack is geometrically symmetric ͓that is, if K out (xϭx H ) ϭK out (xϭx C ) and K in (xϭx H )ϭK in (xϭx C ), where x H and x C denote in Fig. 2 the coordinates of hot and cold ends of the stack͔:
͑4͒
In Eq. ͑4͒ it is assumed that the minor loss effects at the ends of the stack are mutually independent, that is vorticity generated at one end of the stack dissipates before being convected to its other end. 11 In accordance with Eq. ͑4͒ the magnitude and the sign of the stress S ml is controlled not only by the asymmetry of minor losses at each end of the stack ͑described by the multiplier K out ϪK in ͒, but also by a possible difference in average dynamic pressures (ϰ m ͉v x ͉ 2 ) at hot and cold ends of the stack. For an ideal gas m ϰ1/T m , where T m is the mean temperature and stress S ml takes the form
͑5͒
In accordance with Eq. ͑5͒ the magnitude and the sign of S ml depend on the cold to hot temperature ratio (T C /T H ) ͓see qualitative presentation of temperature distribution in Fig.  2͑b͔͒ and on the ratio of particle velocities at the ends of the stack. The latter itself depends, in general, on (T C /T H ) and also, importantly, on all other elements inside thermoacoustic resonator contributing to formation of a particular spatial distribution of counter-propagating acoustic waves. Even in the traveling-wave devices the role of a nonzero standing-wave component may be of crucial importance. So the magnitude and the sign of the expression in square brackets in Eq. ͑5͒ should be carefully evaluated in each particular situation.
Here, to proceed a little bit further in a quasi-adiabatic analysis, we assume additionally that the stack may be approximated as infinitely thin and that Rott's boundary condition
)ϵv x holds at the ␦-localized temperature jump. 13 Note that in accordance with the theory 5 the condition of velocity continuity holds in annular prime mover with quasi-adiabatic stack of a finite length H under the requirement (T H ϪT C )/T C уk(T C )H, where k(T C ) is the acoustic wave number evaluated at cold temperature ͓see Eq. ͑29͒ in Ref. 5͔. Then the stress S ml across the thermoacoustic stack is approximated by
Consequently, in this limiting case the effect under consideration is caused by differential heating of the stack. Solution ͑6͒ predicts that additional stress S ml related to minor loss phenomena is created across thermoacoustic stack only if T H T C . When the sign of the temperature gradient is fixed ͓as, for example, in Fig. 2͑b͒, where T(x H ) ϾT(x C )͔, then the sign of S ml is controlled by the sign of the difference K in ϪK out .
Empirical relations for the case of high Reynolds numbers (Reу10 4 ) predict the following variation of minor loss coefficients with increasing porosity: K out Ϸ(1ϪS S /S W ) 2 and K in Ϸ0.5(1ϪS S /S W ) or, more precisely, K in Ϸ0.5(1 ϪS S /S W ) 3/4 ͑see Ref. 11, Chap. 4͒. Here S W is the total cross sectional area available for the flow in the wave guide ͓see Fig. 2͑a͔͒ and (S S /S W ) is the porosity of the stack. In this limit K in уK out already in the stacks with porosity exceeding 50%. This result is also in accordance with the other available data. 8, 10 So, the direction of streaming excited by S ml in typical quasi-adiabatic thermoacoustic stacks ͑which have significantly higher porosity͒ coincides with the direction of streaming excited in quasi-adiabatic ͑QA͒ annular primemover by Reynolds stresses. However, it should be mentioned that rounding of the transition region is commonly known to influence ͑to diminish͒ K in much stronger than K out ͑see, for example, the case (S 1 /S 2 )→0 in Ref. 6͒. Consequently, it is possible that for the stack with rounded pore edges the direction of the streaming related to asymmetry of minor losses in the quasi-adiabatic stack will be opposite to that of classical streaming.
Using for the Reynolds stress S QA the solution derived in Ref. 5 , Eq. ͑35͒, and approximating the ratio of acoustic pressure amplitude ͉p ͉ to particle velocity amplitude ͉ṽ x ͉ by its traveling wave value (T C )a(T C ) ͓where a(T C ) is the adiabatic speed of sound at cold temperature͔, we get the following estimate for the ratio of stresses contributing to streaming excitation: 4 , T H /T C Ϸ2 and the porosity S S /S W Ϸ0.8. The result of the estimate is S ml /S QA Ϸ0.1. Consequently, temperature-induced asymmetry in minor loss phenomena at the thermoacoustic stack edges might be responsible for about 10% of mass flow observed in the experiment in Ref. 4. In general, it is clear from Eq. ͑7͒ that in the quasiadiabatic regime the relative importance of source S ml increases when the parameter of adiabaticity (␦ c /D S )Ӷ1 diminishes. In principle, the magnitude of the investigated source of streaming is nonzero and does not depend on viscosity when Re→ϱ ͑though the final stage of shock loss phenomenon is, surely, viscous dissipation of energy in vortices or in turbulence͒. So the predicted mechanism of streaming excitation exists even for the adiabatic regime of sound propagation inside the thermoacoustic resonator when the source S QA of classical acoustic streaming disappears (S QA →0). 
